The gram-negative bacterium Legionella pneumophila invades human's lung and causes Legionnaires' disease. To benefit its survival and replication in cellular milieu, L. pneumophila secrets at least 330 effector proteins into host cells. We found that the effector WipA has the protein tyrosine phosphatase (PTP) activity but does not depend on the classical CX5R motif for activity, suggesting that WipA is an unconventional PTP. Meanwhile, the presence of three other highly conserved motifs typically seen in protein serine/threonine phosphatases and the poor inhibition of WipA activity by okadaic acid led us to propose that WipA is a bacterial protein phosphatase. In addition, the determination of the 2.55-Å crystal structure of WipA revealed that WipA resembles cold-active protein tyrosine phosphatase (CAPTPase), and therefore very likely shares the same catalytic mechanism.
Introduction
Legionella pneumophila is a gram-negative facultative intracellular bacterium that exists ubiquitously in fresh-water environment and artificial water system, and it infects free-living amoeba and lung alveolar macrophages. It was first discovered after an outbreak in 1976 among the participants of the American Legion Convention in Philadelphia [1] , and is now known to be the causative agent of legionellosis, which ranges in severity from a mild, febrile illness (Pontiac fever) to a rapid and potentially fatal pneumonia (Legionnaires' disease) [2] .
Successful intracellular growth of L. pneumophila requires the Dot/Icm type IVB secretion system (T4BSS). To date, at least 330 L. pneumophila proteins have been shown to be substrates of T4BSS [3] , allowing L. pneumophila to modulate abundant signal and metabolic pathways of host cells to its benefit. During this process, the IcmS/ IcmW complex interacts with a large subset of substrates and facilitates their translocation. Lpg2718 is one of these translocated effectors with unknown functions in pathogen-host interactions, and was named as IcmW-interacting protein A (WipA) [4] .
Protein phosphorylation-dephosphorylation pathways are commonly modulated by many pathogens, including L. pneumophila [5] . Protein phosphatases can be divided into two groups based on their enzymatic specificity, namely protein serine/threonine phosphatases (PSPs) and protein tyrosine phosphatases (PTPs). PSPs, in turn, comprise three major families: phosphoprotein phosphatases (PPPs), metal-dependent protein phosphatases (PPMs), and the aspartatebased phosphatases [6] . However, not all protein phosphatases are absolutely specific for either the aryl phosphoester of tyrosine or the aliphatic phosphoesters of serine and threonine [7] , and this is especially true for bacterial PPPs. Bacterial PPPs, such as PrpA (Escherichia coli) [8] , SppA [Streptomyces coelicolor A3 (2)] [9] , and PP1-cyano1 (Microcystis aeruginosa PCC7820) [10] , have been found to display significant activity toward tyrosine residues in vitro, in addition to their expected PSP activity through unknown mechanisms. Besides, they require an exogenous metal ion like Mn 2+ for activity, and are resistant to potent inhibitors of eukaryotic PPPs like okadaic acid [7] .
In this study, we demonstrated that L. pneumophila effector WipA is a new member of the PPP family protein phosphatases with tyrosine phosphatase activity, based on our enzymatic analysis and crystal structure determination. The crystal structure of WipA revealed that WipA has a similar fold to CAPTPase including the metal-binding sites, and therefore possibly shares the same catalytic mechanism.
Materials and Methods

Bioinformatics analysis
Multiple sequence alignments were performed using Clustal Omega [11] and produced by ESPript 3.0 [12] .
Cloning of WipA and its mutants
Gene lpg2718 of L. pneumophila (NC_002942), encoding WipA (YP_096722), was amplified from L. pneumophila Lp02 DNA. The oligonucleotide primers (Table 1) contained NdeI and XhoI restriction sites and the resulting WipA-coding sequence was cloned into pET-28a (+) (Novagen, Gibbstown, USA). For the purpose of crystallization, a truncated fragment of residues M1-T410 was subcloned into pET-28a (+). The construct includes an N-terminal hexa-histidine tag (His 6 -tag) along with a PreScission protease cleavage site between the tag and the initial methionine. Site-directed mutagenesis of the following residues C188S, R194K, C188S/ R194K, C188A, R194A, and C188A/R194A was carried out using the MutanBEST ® Kit (TaKaRa, Dalian, China) and fusion PCR.
Protein expression and purification
Protein overproduction was induced at an absorbance 600 nm of 0.6 by the addition of 0.3 mM isopropyl-β-D-thiogalactopyranoside and was continued for 16 h at 25°C. Harvested cells were resuspended and sonicated in lysis buffer [250 mM NaCl, 40 mM TrisHCl, pH 8.0, 10 mM imidazole, 1 mM β-mercaptoethanol (β-ME), 1 mM phenylmethanesulfonyl fluoride (PMSF)]. The cell lysate obtained by centrifugation at 12,000 g for 60 min was loaded onto a HisTrap Chelating column (GE Healthcare, Wisconsin, USA). Histagged WipA was eluted from the column using an imidazole gradient (40 mM Tris-HCl, pH 8.0, 250 mM NaCl, 300 mM imidazole). The WipA protein purified by nickel-NTA affinity chromatography was pure enough for phosphatase activity assays. However, it requires more purification steps for the purpose of crystallization. The eluent from the nickel-nitrilotriacetic acid column was then loaded onto an anion exchange HiTrap Q column (GE Healthcare) and eluted using a 50 mM-1 M NaCl gradient in 20 mM Tris-HCl (pH 8.0). Fractions were dialyzed against 20 mM Tris-HCl (pH 8.0), 150 mM NaCl and treated with the PreScission protease overnight (the molar ratio of protease to WipA was 1:100) at 4°C to remove the N-terminal His 6 -tag. The treated protein was loaded onto a Histrap column (GE Healthcare). Target protein was eluted and dialyzed in a buffer containing 20 mM Tris-HCl (pH 8.0), 200 mM NaCl and 1 mM DTT. The final purified proteins were concentrated, flash frozen, and stored at −80°C.
Crystallization and structure determination
The crystals were obtained using the sitting-drop vapor diffusion method. The protein sample (4 mg/ml) was mixed with equal volume of the reservoir solution at 25°C. Crystals were obtained in a condition of 14% PEG 6000, 0.1 M MES (pH 6.0) and 0.1 M NaCl. The fully-grown crystals were soaked for 1-3 min in a cryoprotective solution containing all the components of the reservoir solution supplemented with 20% glycerol (v/v). For phase determination, 0.5 M NaI was added to the cryoprotective solution, where the crystals were soaked for 15 min prior to the freezing process. The iodide-soaked data were collected from frozen crystals at −173°C on a Pilatus 6 M CCD detector at Beamline 19U1 (BL19U1) [13] at the Shanghai Synchrotron Radiation Facility (SSRF, Shanghai, China), using a wavelength 0.9785 Å. The 2.55-Å diffraction data were processed with the program HKL3000 [14] and the space group of the crystals of the NaI derivative belongs to P2 1 2 1 2. The NaI-soaked structure was solved by molecular replacement using PDB 5N6X as the search model [15] . The initial model was manually built by COOT [16] . The WipA structure showed structural variations at the helical hairpin regions, which was adjusted during the model building process. Multiple cycles of refinement alternating with model rebuilding was carried out by PHENIX. Refine [17] . The final model was validated by Molprobity [18] and the final R-factor/R free were 22.3%/28.2%, respectively ( Table 2 ). The Ramachandran plot of the final model has 96.87%, 3.13% and 0.0% of the residues in the most favorable, generously allowed and disallowed region. The structural figures were produced with PyMOL (www.pymol.org) and the topology of the protein was generated by the program Pro-origami [19] . 
Phosphatase activity assays
The tyrosine phosphatase assay system (Promega, Madison, USA) was used to determine the activity of WipA toward the phosphotyrosine peptides, END(pY)INAS and DADE(pY)LIPQQG. The 50-μl reaction mixture contained 2.5 μg (41.7 pmol) enzyme, 100 μM phosphotyrosine peptide and reaction buffer (100 mM NaCl, 25 mM Tris-HCl, pH 6.0). The reaction mixture was incubated at 37°C for 30 min, followed by the addition of 50-μl Molybdate Dye/ Additive mixture to stop the enzymatic reaction. After another 15 min of incubation at room temperature, the absorbance at 600 nm was measured. The p-nitrophenyl phosphate (pNPP; Aladdin, Shanghai, China) assay system was used to measure the PTP activity of WipA and WipA mutants. It was carried out in a 96-well plate and assayed in a reaction mixture of 200 μl containing 5 μg (83.4 pmol) of enzyme, 2.5 mM pNPP, and the reaction buffer (100 mM NaCl, 25 mM TrisHCl, pH 6.0). The reaction temperature was maintained at 37°C for 30 min, and the absorbance was recorded at 405 nm every 5 mins with a microplate reader Infinite 200 PRO (TECAN, Zurich, Switzerland).
The kinetic parameters K m and k cat for each substrate were determined by fitting data to the Michaelis-Menten equation. Corresponding reaction mixture containing pNPP at concentrations of 0.05, 0.1, 0.2, 0.5, 1.0, 2.0, 5.0, 10.0 mM, or either peptide at concentrations of 2, 5, 10, 15, 20, 30, 40, 50 μM was measured as described above.
For the determination of the effects of metal ions, the samples were incubated in the presence of 2 mM each divalent cation and assayed using the pNPP assay described above. The effects of various phosphatase inhibitors, Na 3 VO 4 (1 mM), okadaic acid (1 μM) [20] , NaF (1 mM), tetramisole (1 mM), and EDTA (1 mM) were also similarly tested, except for a 10-min pre-incubation at 30°C before the addition of pNPP.
Results
WipA is a PPP family member revealed by sequence alignment analysis Sequence alignment analysis of WipA and three other bacterial PPPs revealed that WipA has three highly conserved motifs (GDxHG, GDxxDRG, and GNHE), characteristic of the PPP family protein phosphatases involving metal binding and phosphoric acid hydrolysis (Fig. 1A) . Although several amino acids showed variations, they are not normally critical for the enzymatic activity of the PPP family [6] . The alignment suggested that WipA is a putative PPP family member. Additionally, bioinformatic analysis demonstrated that WipA harbors the Cx 5 R motif at the positions 188-194 (Fig. 1A , yellow box), which is generally considered to be a conserved catalytic motif for PTPs [21] or phosphoinositide phosphatases [22] . However, WipA is poorly aligned with common PTPs like PTP1B from Homo sapiens, MptpB from Mycobacterium tuberculosis or YopH from Yersinia enterocolitica (data not shown), suggesting that its function is different from that of the conventional PTPs, despite the presence of the key Cx 5 R motif. On the other hand, the top hits retrieved by the web servers HHpred [23] and Phyre2 [24] are the CAPTPase from Shewanella sp., a His-based PTPase without the Cx 5 R motif (data not shown).
Enzymatic properties of WipA
In order to determine the enzymatic properties of WipA, we cloned, heterologously expressed and purified WipA and its mutants with an N-terminal His 6 -tag ( Supplementary Fig. S1A ). To examine whether WipA exhibits catalytic specificity for phosphotyrosine residues like its Shewanella sp. counterpart, phosphotyrosine peptides END(pY)INAS and DADE(pY)LIPQQG were employed as substrates (Fig. 1B) . The activity tests showed that WipA displayed PTP activity comparable to that of MptpB which was used as a positive control. The kinetic parameters, K m and k cat of WipA toward each substrate including pNPP are shown in Table 2 .
We next explored the metal-dependency of the enzyme using pNPP. Recombinant native WipA is active, which could be attributed to intrinsic metals from E. coli bound to the protein during protein expression. With , and Ca 2+ (Fig. 1C) .
We then measured the effects of various protein phosphatase inhibitors on WipA activity (Fig. 1D) . WipA retained~30% activity toward pNPP in the presence of the potent PTP inhibitor Na 3 VO 4 , or almost completely lost its activity in the presence of the metalchelating agent EDTA, suggesting that WipA requires a metal cofactor, which is a hallmark of PPP family phosphatases. In contrast, the classic eukaryotic PPP inhibitor okadaic acid showed no inhibition effect, supporting the notion that WipA is a bacterial PPP. Two other commonly used protein phosphatase inhibitors, NaF and tetramisole, barely inhibited WipA.
Conventional PTPs lose activity completely upon the mutation of the active-site cysteine to serine [25] . To confirm whether the Cx 5 R motif in WipA is responsible for its PTP activity, point mutations on the critical cysteine and/or arginine residues (C188S, R194K, C188S/ R194K, C188A, R194A, and C188A/R194A) were constructed and assayed for hydrolysis of the pNPP substrate ( Supplementary Fig. S1B ). Only the cysteine-or arginine-to-alanine mutants displayed partial loss of activity, with C188A showing 25% activity of that of WT. Moreover, WipA showed no phosphoinositide phosphatase activity toward the seven phosphoinositide phosphatase substrates: PI(3)P, PI (3,4)P 2 , PI(3,5)P 2 , PI(4)P, PI(4,5)P 2 , PI(5)P, and PI(3,4,5)P 3 (data not shown). The above results indicated that WipA is quite different from conventional PTPs, and should not be classified into the PTP family, despite its tyrosine phosphatase activity.
The overall crystal structure of WipA
To further understand the catalytic mechanism of WipA activity, we solved the crystal structure of WipA. Initially, the full-length WipA protein (520 residues) did not produce any crystals. After limited proteolysis, we found that removal of the C-terminal fragments promotes crystallization. Therefore, we generated constructs with various truncations from the C-terminus for crystallization trials, and the best one ends with Thr410. The current construct possesses Gly2-Thr410 after cleavage with the PreScission protease. Each asymmetric unit contains two monomers, and they form a dimer. Chain A is visible from Ile10 to Thr410, while chain B is visible from Asn9 to Leu409 (Fig. 2A) . Both chains are free of internal disorders, although the loop connecting the helices shows poor density. The refined model contains a total of 802 amino acids and 74 water molecules. The model is of good geometry, with no residues falling in the outlier region of the Ramachandran plot ( Table 3) .
Each monomer is composed of an N-terminal coiled-coil domain (αN) and a phosphatase catalytic domain at the C-terminus. Ser25-Leu28 of the αN domain forms a strand, and lies adjacent to β4 from the catalytic domain. The most idiosyncratic feature of WipA is its two twisted long antiparallel helices (stalks), which form a twisting angle. The two-helix bundles associate with each other mainly through hydrophobic interactions, and are connected by a short loop of seven residues (Leu106-Lys114). On the other hand, the basic Rossmann domain comprises two layers of β-sheet, flanked by helices on each side (Fig. 2A) . The topology of the domain is illustrated in Fig. 2B . The first layer of β-sheet consists of a parallel three-strand β-sheet, while the other layer adopts a β↓β↓β↓β↑ orientation, with the C-terminal strand β11 antiparallel to all the other strands. The dimerization mode allows WipA to form a closed box shape, with a hollow region in the center. The two monomers resemble each other, and the superposition of the two chains yielded a root mean square (r.m.s.) deviation of 0.65 Å for 400 Cα atoms. Since chain A has lower temperature factor than chain B, we will mainly focus our structure description on the former.
The α-helical hairpin domain αN in WipA
The two monomers in the asymmetric unit form a dimer. The intersubunit contacts are mainly formed at the αN domain of one subunit and the catalytic domain of the other. These interactions include eight hydrogen bonds, two salt bridges and a few hydrophobic interactions, and the first long helix α2 accounts for the majority of these interactions. β1 participates in the formation of one layer of β-sheet, which is part of the catalytic core. Our construct contains Gly-2-Thr410, and the residues preceding Ser25 form a loop, which winds back and may be involved in crystal contacts. Interestingly, this loop and the tip of α1 form a rather hydrophobic region, as evidenced by the presence of many aromatic residues including Tyr13, Tyr15, Phe19, Phe43, Phe50, Phe57, and Tyr61 (Fig. 3A) . The consequences of such a highly hydrophobic region are unclear. The two bent stalks flank the catalytic domain and the individual helices are as long as~76 Å (Fig. 3A) . When our structure was aligned with the two structures reported by Pinotsis et al. (PDBs 5N6X and 5N72) [15] , local differences occur at this region while the catalytic domains are well conserved. Notably, parts of the stalk region in our WipA structure adopt slightly different conformation from published structures by displaying different bent angles (Fig. 3B) . The r.m.s. deviation values are 1.9 Å over 95 Cαs between our WipA structure and PDB 5N6X, and 3.5 Å over 103 Cαs between our WipA structure and PDB 5N72, respectively. The largest structural differences are seen at the helical domain contacting the catalytic domain, which includes the helix-connecting loop (α2-α3) as well as part of the helical region from both coils. In addition, the two monomers from PDB 5N6X show slight differences at the stalk region, with an r.m.s. deviation of 0.7 Å over 108 Cαs (Fig. 3C) . Furthermore, the B-factor of this region is slightly higher than those of other regions, suggesting relative higher flexibility.
The catalytic phosphatase domain in WipA
The catalytic domain is a globular domain, which exhibits a typical PSPs fold. Although the enzyme is metal-dependent, in our structure there are no bound metals. A Dali search using this domain revealed several structural homologs including the diadenosine tetraphosphate (Ap 4 A) hydrolase from Shigella flexneri 2a (PDB 2DFJ) [27] , the protein phosphatase 2a (PP2A) holoenzyme (PDB 2IAE) [28] , and the protein phosphatase 1 (PP1) holoenzyme (PDB 3V4Y) [29] . These homologs display limited structural similarities, with r.m.s. deviation values generally above 2.8 Å (Fig. 4A-D) . However, CAPTPase (PDB 1V73) [30] was not on the top 20 hits on the list, but caught our attention. Similar to WipA, this cold-active protein tyrosine phosphatase possesses the PS/ T phosphatase fold, but acts as a tyrosine phosphatase. The catalytic domains of the two structures aligned well (Fig. 4E) . The catalytic residue of CAPTPase is His150, and CAPTPase has conserved Asp-XaaHis, Gly-Asp-Xaa-Xaa-Asp-Arg and Gly-Asn-His-Glu motifs characteristic of PSPs. Additionally, the catalytic site of CAPTPase contains two metal ions, which are coordinated with six ligands in a tetrahedral bipyramidal arrangement and five ligands in a pentahedral arrangement, respectively. Particularly, residues Asp78, His80, Asp114, Asp117, Asn149, His150, His207, and His286 participate in the coordination of two metal ions. Structural overlay reveals that Asn212, His213, and His290 in WipA are conserved in positions, and their side chains are almost identical to their counterparts in CAPTPase (Asn149, His150, and His207, respectively). In addition, Asp184, His32, Asp30, and His395 (equivalent residues for Asp117, His80, Asp78, and His286 in CAPTPase) adopt similar positions, but their side chains point to different directions. This result is probably caused by the absence of metal ions in WipA, as the side chains all point away from the metals if they exist. In WipA, Asp30 forms two hydrogen bonds with the main chain and side chain of His32 using its side chain, while its carbonyl oxygen forms a hydrogen bond with the side chain of His32 respectively. These interactions stabilize the two residues at the metal-binding sites. Consequently, the two enzymes may share a common two-metal catalytic mechanism. In particular, His150 is also conserved in WipA, the mutation of which [15] led to 99.77% activity loss in its enzymatic activity (Fig. 4E,F) .
Discussion
WipA is an intriguing protein for researchers, as it demonstrates quite a few typical features of bacterial PPPs: three conserved motifs, ability to dephosphorylate from phosphotyrosine, a requirement for exogenous metal ions, and the resistance to the eukaryotic PPP inhibitor okadaic acid. We hence classify it as a member of the bacterial PPP family. Interestingly, there is a Cx 5 R motif in WipA commonly observed in PTPs, but mutational studies showed that this motif barely plays any role in catalysis. This motif is part of the α4-helix in WipA, which is unlikely to form a catalytic site due to the distance between the cysteine and arginine residues. With the determination of the structure, C188A or R194A in hindsight may have affected the stability of the protein and thus resulted in weaker enzymatic activity. Additionally, the dephosphorylation reaction catalyzed by WipA may proceed via a similar mechanism to that adopted by CAPTPase. How does the CAPTPase enzyme lose their PSPs activities is perplexing. However, in the case of CAPTPase, there still exist differences in terms of the substrates, because the latter only acts on phosphotyrosine but not on phosphotyrosinecontaining peptides. Tsuruta et al. [30] proposed that the phenyl ring of Tyr161 locates in a loop may confer substrate-recognition capability by CAPTPase. This residue is not found in the corresponding region in WipA, which forms a part of a helical region. Interestingly, Andreeva et al. [31] reported a group of 'bacteriallike' eukaryotic PPPs that were found in Viridiplantae, Rhodophyta, Trypanosomatidae, Plasmodium and some fungi, whose structures are more closely related to phosphatases from psychrophilic bacteria Shewanella and Colwellia, and named as Shewanella-like phosphatases (Shelphs or SLPs). Contrary to conventional eukaryotic PPPs (mainly Ser/Thr specific), their substrate specificities are unlikely to be predicted without the activity assays. In addition, SLPs showed resistance to the classic PPP inhibitor okadaic acid [32] . These findings suggested the presence of a unique subclass of the PPP family. Because such phosphatases are absent in metazoans but present in a wide range of bacteria, fungi and protozoa responsible for human diseases, they might be potential drug targets [33] .
Following our work on the special biochemical properties of WipA, we further crystallized the N-terminal part of the enzyme WipA 1-410 . During our structure-determination process of WipA, Pinotsis et al. [15] reported the crystal structure of the N-terminal fragment of WipA (WipA435), and characterized enzymatic properties by mutational studies. The PDB coordinates were consequently used as our search models. Of note, they observed weak PSP activity from WipA, in agreement with the general characteristics of bacterial PPPs [7] . It is necessary to point out that although the results from the two studies look similar, there are significant differences as follows: (1) we proposed that WipA was a PPP member; (2) we found a CX 5 R motif in WipA, which however does not play any role in the dephosphorylation activity of WipA; (3) we studied the effects of various cofactors and inhibitors on the enzyme and discovered that the enzymatic activity was greatly increased in the presence of Mn 2+ or Co 2+ ; (4) our structure resolved more residues and structural features at the N-terminus of WipA; (5) structural overlay of WipA with CAPTPase revealed the complete conservation of key residues at the metal-binding sites, which allows us to propose that the two enzymes share a common catalytic mechanism; (6) we speculated that the two monomers constituting the WipA dimer could dissociate from each other under different cellular stresses based on the activity tests and structural analysis. The WipA protein forms a core catalytic phosphatase domain with extensions found at both the N-and C-termini. From our and Pinotsis's work, this catalytic domain is able to dephosphorylate peptides with a phosphorylated tyrosine (pY). However, the N-terminal stalks form the cross-subunit contacts but are dispensable for activity. This result is further supported by the fact that the close paralog WipB shares 30% sequence homology with WipA, but its stalk lengths are considerably shorter (Fig. 4F) . The stalks form the inter-subunit contacts, and we speculate that these cross-subunit interactions may be responsible for the local structural rearrangements observed between different reported structures (PDBs 5N6X, 5N72, and 5Y9O). These different conformations obtained from various crystallization conditions suggested that the contacts between the two subunits are not very stable and could be disrupted by environmental factors. The pisa server [26] also indicated that the calculated interfacial area is relatively small (1032.7 Å 2 ), and the ΔG value is only moderate (9.8 kcal/mol). Activity assay results by Pinotsis et al. [15] indicated that the enzyme does not need the dimeric state to be functional because the truncated WipA protein incapable of forming dimers still has dephosphorylation activity. We hypothesize that the moderate interactions between the WipA monomers are not strong enough to maintain its dimeric state constitutively, and the dimer can dissociate when necessary.
Despite the successful biochemical and biophysical characterization of the N-terminal region (residues 1-410), the exact function of 110 residues at the C-terminal remains mysterious. This region in WipA appears to interfere with the crystallization of the protein, as its removal resulted in facile crystallization. This fragment is predicted to comprise ordered secondary structural elements including a long helix. Blast search suggests that it may be a substrate of the Dot/Icm secretion system in Legionella pneumophila, but its structure has not been reported yet.
Lastly, the host cell targets of WipA are still unknown. It may act on a specific substrate with phosphorylated serine/threonine or tyrosine yet to be identified. From a structural point of view, a large substrate could be well accommodated in the space formed between the two subunits. The identification of the genuine substrates will greatly help us understand the physiological functions of WipA as well as SLPs during the infection of bacterial pathogens.
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